Students from the University of Michigan have developed a small satellite -dubbed Icarus -to serve as an active endmass for NASA's ProSEDS (Propulsive Small Expendable Deployer System) electrodynamic-tether propulsion mission. The ProSEDS experiment will be launched in early 2003 as a secondary payload attached to the second stage of a Delta-II rocket. Following the completion of the Delta-II primary mission, the Icarus endmass satellite will be cast off from the Delta-II second stage, deploying a 15-km space tether. Throughout tether deployment, and for the duration of the ProSEDS mission, Icarus will collect and transmit data on tether deployment and dynamics. The Endmass is responsible for providing tether-endbody location information (using a GPS receiver) and endbody attitude dynamics (using an aspect magnetometer). The data from these instruments will be stored and transmitted to ground telemetry stations. This paper details the Icarus satellite system and lessons learned from the project.
INTRODUCTION
The Icarus student satellite is part of the Propulsive Small Expendable Deployer System (ProSEDS), an electrodynamic tether propulsion mission developed by NASA's Marshall Space Flight Center in Huntsville, Alabama [Gilchrist et.al, Johnson et.al.] . ProSEDS is a low-cost experiment to demonstrate the use of an electrodynamic tether for propellantless propulsion, magnetic breaking in this case, -a technology that has the potential to drastically reduce the cost of space transport.
Electrodynamic tether propulsion takes advantage of the well known phenomenon that when a wire moves through a magnetic field, an electrical potential is produced that can drive current using the Earth's ionosphere to return the current from one end to the other to "close" the circuit. The current interacts with the magnetic field inducing a force on the wire (the so-called Lorentz force).
This force on the tether, when connected to a spacecraft, serves to lower the orbit of the satellite. ProSEDS will be the first tether mission to use a bare tether where the electrical current is collected along the tether conductor [Sanmartin] . The endmass primarily fosters the deployment of the tether and prevents the tether from being pulled from vertical due to the Lorentz force generated by the tether current.
MISSION OBJECTIVES
There are three main mission objectives driving the Icarus Student Satellite project. First, the Icarus endmass will serve as a stabilizing anchor for the ProSEDS tether system. Second, Icarus will collect and transmit data on tether deployment and dynamics as well as Endmass attitude using the on board GPS receiver and aspect magnetometer. The Endmass GPS data acts as back-up for ProSEDS position tracking. Lastly, the mission serves as a test bed for University of Michigan's Student Space System Fabrication Laboratory (S3FL) ability to design, built, test, and operate a fully autonomous satellite, while providing an unmatched educational opportunity.
Mission Timeline
The Icarus endmass is deployed from the Delta-II via a spring-loaded ejection system. Once the Delta-II second stage has completed its primary mission, two pyrotechnic bolt cutters will release Endmass/ Payload Adapter Assembly away from the Delta-II in the zenith direction. The Endmass will remain connected to the Delta-II via a 15-km space tether consisting of 5-km aluminum conducting tether nearest the Delta-II and a 10-km non-conducting Spectra fiber nearest the Endmass. No electrical or functional connections to rest of the ProSEDS experiment exist with the exception of the tether.
SYSTEM SPECIFICATIONS
Design of the Icarus Endmass was divided into five subsystems: Payload, Telemetry, Power/Electrical, Command and Data Handling (C&DH), and Structures. Figure 1 shows the system block diagram of the interfaces between the subsystems. The Icarus Endmass is equipped with a GPS receiver and aspect magnetometer to collect tether dynamics and attitude data. The GPS allows position and velocity data to be recorded at an accuracy better than 1-km. The attitude of Icarus can be determined to an accuracy of ±5 degrees using a combination of data from the on-board aspect magnetometer and solar cell panel input power. The aspect magnetometer compares the data reading with the expected value of the Earth's magnetic field at the known satellite location subtracting the internal bias from operating electronics.
Telemetry
The Icarus Endmass is a fully autonomous satellite with no uplink capabilities. Data is organized into telemetry frames and transmitted via a patch antenna to ground stations located around the world. Frames are continuously transmitted during the first four orbits of the mission to maximize data collection and minimize corruption of frames during the primary mission life. Telemetry transmission after the first four orbits will only occur over ground station locations determined by GPS data.
Power and Electrical
Power to the Endmass is supplied using rechargeable NiCd batteries. The batteries contain enough capacity to last for the entire primary mission (first four orbits). Strings of silicon solar cells recharge the batteries on orbit, extending the mission lifetime.
A network of voltage, current, and temperature sensors located on components throughout the payload collect data validating system health.
Command and Data Handling
Control functions of the Endmass are provided by an industrial grade, 386 processor. Icarus relies on the C&DH subsystem to collect and store data in organized telemetry frames. On-orbit, validity of the GPS data is determined by the computer. A software programmed orbital propagator supplements the GPS receiver searching capabilities.
Structure
The Icarus Endmass is a 10.25" x 13.65" x 18.75" structure with a mass of 21.3 kg fully assembled. The shell is made of alodined aluminum panels with Kapton cover. The center of mass of the system is aligned along the direction of the tether, reducing tumbling during tether deployment. Icarus thermal control is provided by a passive thermal switch. In addition a blanket of Multi-Layer Insulation (MLI) is added around all electrical components. After Endmass delivery to MSFC in September 2000, Icarus experienced four major systems tests-mechanical vibration and shock, thermal cycle, thermal vacuum, and a 48-hour hardware/software verification. In addition, Icarus long duration software testing was performed as well as a "dental floss" test to recognize possible tether snag hazards.
LESSONS LEARNED
A number of challenges presented themselves to students during the project. The regular turnover of students as they graduated provided an opportunity for more students to get involved in the project. However, the difficulty in maintaining a consistent output of work and tracking information from semester to semester was a significant challenge. Good communications and documentation was key in the turnover of information. In addition, having undergraduates early in their college career participate became essential as they became the continuity for the project.
Launch delays are an inevitable consequence of dealing with space science. For a student project, this provides challenges in the personnel turnover as well as taxing the students' morale and their ability to stretch a typically fixed budget amount.
As this is principally an educational experience from the University's perspective, student's initial technical inexperience was expected. Close mentoring by professional staff or experienced faculty was essential to keep students on track and avoid design pitfalls before design reviews.
The unique environment of a student's life provides challenges to the project, requiring the need for students to work class and exam schedules around project meetings and deadlines. A majority of the Icarus work force was composed of undergraduate students working as volunteers, although directed study opportunities assisted in increasing the level of commitment from students.
CONCLUSION
Icarus is currently awaiting launch in spring 2003. The student team has depleted in size due to graduation of students, but new students have been brought in to assist in the ground operations and data analysis phases. Mission data will be published as a final report out of MSFC as well as formal journals.
The project has been an unqualified success from the University's perspective as the Icarus alumni have gained a tremendous educational experience, and been able to parlay this experience into jobs which they may not have been able to gain access to.
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